Introduction
Two approaches for reducing the costs and risks associated with nuclear plant contamination from activated cobalt wear debris are [1, 2] : (1) replacement of the cobalt-base alloys with alternative cobalt-flee wear materials, or (2) covering the cobalt-base alloys with a wear resistant coating to provide a cobalt-flee wear surface. Covering the cobalt-base alloys with a wear resistant coating is a more practical and a lower risk approach to near-term cobalt reduction than the use of a cobalt-free material because coating failure would only result in the exposure of the proven base metals. Since most wear resistant Physical Vapor Deposited (PVD) coatings have a higher stiffness and hardness than cobalt-base alloys, support of the coating is a concern in high stress wear contact. Four approaches have been taken to minimize the differences in stiffness between the substrate and wear resistant coating: (1) use of a thin, multilayer chromium-nitride coating with alternating hard and less-stiff layers, (2) the use of a thick, .
multilayered coating with graded layers, (3) a duplex approach of using nitriding to harden the material subsurface followed by application of a multilayered chromium-nitride coating, and (4) application of nitriding or carburizing alone. The coatings were evaluated by 4-ball wear testing which simulates bearing wear, and scratch adhesion testing for a general screening of coating adhesion. Little data is available in the literature on the application of PVD hard coatings to cobalt-base alloys, and characterization of the coatings is discussed along with the test results.
Materials and Procedures
Flats for scratch adhesion testing (3. 175 cm X 1.27 cm X 0.64 cm), drive ball (1.27 cm diameter, Grade 10), and cup ( Figure 1 ) for 4-ball wear testing were produced from various heats of Haynes 25 with the nominal compositions given in Table I . Stellite 3 balls (1.27 cm diameter) and 17-4 PH separators were also used in the 4-ball wear test, see Table I (Table II) : (1) thin, dual-layer chromium-nitride coating, (2) an ion nitrided base material, and (3) duplex coating.
Flats were subjected to nano-scratch adhesion testing at MTS-Nano Instruments, Knoxville, TN using two indentor geometries [4, 5] : (1) a 130 pm diameter spherical sapphire indentor at loads from O to 500 mini-Newtons, and (2) a cube comer indentor (100 km side) at loads up to 30 mini-Newtons. The coefficient of friction and penetration depth versus scratch distance were determined and the applied load was increased with scratch distance.
The average hardness and average modulus versus depth were also measured using a sharp Berkovich diamond nano-indenter with at least seven indentations being made in the continuous stiffness mode [6] .
Coatings and Scratch Adhesion Testing
Although previous experience on the plasma carburizing of cobalt-base alloys was not available, one run was made using pure methane with an applied power density of 1.75 Watts/inz to the Haynes 25 flats to produce a plasma glow discharge with a nominal substrate temperature of 593 'C for the 48 hour mn. plxma cmburizing resulted in a porous deposit (Table II) that was determined by microprobe and X-ray diffraction (XRD) to primarily consist of carbon and oxygen with the structure of amorphous carbon. Spalling of this carbon layer was observed in normal handling and a low nano-scratch adhesion value was measured (Table II) . A hardness or modulus value could not be determined horn the nano-indentation test due to the porous nature of the deposit. The poor adhesion and damage resistance indicates that plasma carburizing is not a suitable method to produce a wear resistant surface on Haynes 25.
A cathodic arc PVD process was used to produce a thick, dual-layer coating of zirconium-nitride (ZrN) by imposing a discrete change in nitrogen stoichiometry, see Table II -The zrN coating WN generally adherent> but a low density of macroparticle defects were observed on the surface [7] . The 9 Km thick coating consisted of a thick (= 7.5 pm) outer layer and a thinner (= 1.5 ,um) inner layer, but no difference in nitrogen content was detected using microprobe analysis. XRD analysis indicate that the coating was ZrN (ICDD card # 02-0956) with slight peak shifts suggesting a slightly different stoichiome~(4.60~for the coating versus 4.56~for the ICDD cad # 02-0956).
Although higher scratch adhesion values are generally expected for thick coatings [8] , the critical load for the thicker ZrN coating was comparable to the thinner TiN coating (Table II) . The hardness and modulus values for the ZrN and TiN coatings are significantly higher than Haynes 25, which indicates that the ZrN coating layers have little -wading in hardness. The large difference in hardness and modulus between Haynes 25 and the 2kN or TiN coating could result in coating failure under high-stress loading, and these coatings are poor candidates for Haynes 25.
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A reactive, unbalanced magnetron (UBM) sputtering process was used to produce multi-layer coatings with alternating layers of chromium-nitride (Cr2N) and chromium-nitrogen solid solution (Cr-N(ss)), see (Table II) [9]:
(1) a thin dual layer coating ( I ,um thick) with a 2:1 ratio of Cr-N(ss) to Cr,N applied to Haynes 25 flats, balls, and cup, and Stellite 3 balls, and (2) a thick multilayer coating (=10~m) with a 4~m inner layer of Cr-N(ss) / 1~m layer of CrzN / 4 ,um layer of Cr-N(ss) / 1 #m outer layer of CrzN applied to Haynes 25 flats. Multiple cathode targets produce a dense plasma that ionizes a high density of the nitrogen and chromium for improved reactivity, adhesion, and coating quality. The coated parts were rotated 360°on a substrate table in rotational fixtunng (double rotation):
(1) flats were coated on a rotating spindle, (2) balls were coated in a rotating wire basket fixture, and (3) cups were coated on an axial rotating spindle. Only a slight increase in surface roughness (I&= 55~to 82~after coating) was ' observed for the thin dual layer coating, while a larger increase (~= 55~to 271~) was observed for the thick multilayer chromium-nitride coating from ion bombardment during the UBM coating process. The thick multilayer chromium-nitride coating in Figure 2a was smooth and adherent, with two alternating layers of 4 ,um of Cr-N(ss) and 1 ,um of CrzN. The thin dual layer chromium-nitride coating in Figure 2b is about I ,um in thickness (Table II) A nano-scratch adhesion value for the thick mulitlayer Cr-nitride coating could not be determined because coating damage was not produced at the maximum applied load, see Table II . The large coating thickness, roughness, and excellent coating adherence likely prevents coating damage from the nano-indenter. The peak hardness and modulus of the thick multilayer chromium-nitride coating measured using the nano-indentation method in Table II are a close match to the Haynes 25 base material. The use of a composite layered coating with a high fraction of a relatively compliant Cr-N(ss) layers (Figure 2a ) apparently produces damage tolerance, adherence, and a match in hardness and modulus to the base material, with promise for high stress loading applications. A high nano-scratch adhesion value was measured in Table II for the thin dual layer Cr-nitride coating, and the coating damage produced in the nano-scratch adhesion test was very mild. Lower adhesion values and significantly greater coating damage was observed for the ZrN and TiN coatings in Table II than the thin dual layer chromium-nitride coating, which indicates that the thin dual layer Cr-nitride coating was significantly more adherent and damage 4 tolerant. The peak hardness and modulus for the thin dual layer chromium-nitride coating in Table II Ion nitriding is a commercial process used to raise the subsurface hardness and improve wear resistance by a surface interdiffusion of nitrogen. Ion nitriding has been successfully used to improve the wear resistance of other Co-base alloys (Stellite 6) [10], but no commercial experience was found on ion nitriding Haynes 25 or Stellite 3.
Two different ion nitriding temperatures (5 IO"C for 48h and 566°C for 48h) and a 566°F for 96h ion nitriding treatments were initially evaluated. The 556°C/48h ion nitriding run produced the smallest layer thickness variation and lower amount of surface roughening, and was chosen for the final ion nitriding conditions. Ion nitriding increased the surface roughness of the Haynes 25 balls (R3 = 0.5 #-inches to I&= 11-20~-inches) and Haynes 25 cup (~= 1 to 5~-inches to~= 11-16~-inches). Since the surface finishing of metals involves the deformation or smearing of metal, ion nitriding typically increases the surface roughness as the thermal activation results in relaxation of the surface smearing [11] . Based on the limited kinetic data plotted in Figure 3a , the parabolic growth rates for the nitride layer are fairly similar for the 5 10"C (4.8 X 10-'z cmz/s) and 556°C (5.3 X 10]z cm%) processing temperature. The low activation energy (10.7 KJ/mol-K) determined from this limited kinetic data indicates that either a grain boundary diffusion, surface diffusion, or gas phase diffusion mechanism is dominant.
Any of these mechanisms would be expected to produce a rougher surface than a process limited by bulk diffusion.
Ion nitriding of Haynes 25 produces an adherent nitride compound zone with a diffusion zone that is about 1/4 the nitride layer thickness, see Figure 3b . Microprobe and XRD analysis shows that the nitride compound is similar in composition to the substrate with the CrN (ICDD card # 11-0065) structure, i.e. this is a (Co,Cr,W,Ni,Fe)N nitride compound. The Stellite 3 base material has a two-phase microstructure of dendrites and interdendnte Cr-carbides. Microprobe and XRD analysis shows that the ion nitriding layer grown on the Stellite 3 ball has a two-phase structure consisting of interdendritic Cr-carbide phases and dendrite regions converted into a nitride ((Co, Cr,W,Ni,Fe)N) compound with the CrN (ICDD card # 11-0065) structure. A high iron content (possibly with higher carbon) was observed on the outer edge of the nitride layers from the steel parts used in fixtunng. Since the thickness of the iron-rich area is estimated to be less than 1 Urn, the influence of this surface layer on the general
. . .. .. . . . ,:;. ,.,,.;, -, .:,:-,,,-$<. ., ,':~;ys; ,.>;,. -; wear performance of the nitride layer is expected to be minimal. Since the ion nitride surfaces were fairly rough, accurate measurement of a nano-scratch adhesion value was dit%cult, and a critical load was not detected at the maximum applied load in Table II . Surface examinations of the scratches showed excellent adhesion, no cracking of the nitride layer, and a smeared or ductile appearance. Nano-indentation testing summarized in Table II shows that both the modulus and peak hardness of the nitrided layer were lower than the Haynes 25 base material. Since the total displacement of the nano-indentor is 1 Km, only the compliant, outer iron-rich layer on the nitrided compound is tested to give the relatively low modulus and hardness.
The duplex treatment is a combination of the two previous approaches: (1) ion nitriding surface modification to provide support, and (2) deposition of a graded chromium-nitride coating. Two different thicknesses of chromium-nitride coatings were applied to commercially ion nitrided substrates using a reactive, UBM process:
(1) a thin (1 ,um) dual layer coating with a Cr-N(ss):Cr,N ratio of 2:1, and (2) a thicker (6 Urn) dual layer coating with a Cr-N(ss):CrzN ratio of 4:1. The rough ion nitrided surfaces and outer iron-rich layer made deposition of the chromium-nitride coatings somewhat dii%cult. An alternative duplex coating was produced by low pressure ion nitriding in the sputter coating chamber at a significantly lower total pressure, nitrogen pressure (6:1 ratio of nitrogen to argon) and shorter time (1 hour) than used in commercial ion nitriding followed by immediate application of a thin (0.7 ,um) dual layer Cr,N / Cr-N(ss) coating with a 3:2 ratio of Cr-N(ss):Cr,N (low-pressure duplex coating).
The increase in surface roughness from the ion nitrided surface to the duplex coated surface was negligible for the Haynes 25 balls (R, = 11 to 21 ,u-inches to R== 16~-inches) and cup (~= 11 to 16 v-inches to R,= 13 to 18~-inches). The surfaces of the coupons given the low-pressure duplex treatment also experienced a slight o increase in surface roughness (R== 56 A to F&= 173~). The thin duplex coating deposited on Haynes 25 in Figure   4 is approximately 1 ,um in thickness deposited with an outer Cr2N layer (-0.3 Km) and an inner Cr-N(ss) layer (-0.7 ,um) that is consistent with the 2:1 ratio, see Table II . The thickness of the chromium-nitride layer was also uniform on the Haynes 25 and Stellite 3 balls. The thick duplex coating appean to be tightly adherent to the ion nitride layer and approximately 6pm in thickness, see Table II . The low-pressure duplex treatment has produced a thin diffusion zone with an adherent and very thin outer chromium-nitride coating, see Table II . Microprobe and XRD analysis
show that all of the duplex coatings consist of an outer layer of CrzN (ICDD card # 35-0803), inner layer of chromium metal or Cr-N(ss), and the underlying nitride layer. Although iron was mixed in with the inner Cr-N(ss) layers, the thin ( Figure 4 ) and thick duplex coatings appear to be tightly adherent.
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As observed for the ion nitrided layer, the surface of the duplex coated coupons was rough, and a critical load was not detected at the maximum applied load, see Table II . No coating damage was produced from the nanoscratch test, and only ductile type smearing is observed, which indicates that both the thin and thick chromiumnitride duplex coatings are adherent and damage resistant. Nano-indentation hardness and modulus data obtained for the thick duplex coating had values significantly higher than the ion nitrided surface and lower than uncoated Haynes 25, see Table II . Since the modulus and hardness values for the thick duplex coated substrate are slightly lower than
Haynes 25, and since this coating exhibits excellent adhesion, the duplex coatings should exhibit good wear resistance. The nano-scratch adhesion test value for the low-pressure nitrided, duplex coating was comparable to the thin dual layer chromium-nitride coating in Table II , and SEM examination of the scratch indicates that the coating damage was not severe. Nano-indentation measurements in Table II indicate that the modulus of the low-pressure duplex coated surface is comparable to Haynes 25, while the coating hardness was more than a factor of two larger than Haynes 25. The lower adhesion value for the low-pressure nitrided, duplex coating indicates that the nitriding time was not long enough to develop a thick nitride layer for support of the chromium-nitide coating.
Results of 4-baU Wear Testing
The weight change data for the uncoated baseline tests in Table III were fairly low. The wear of the cups was determined by dual profilometry using a Taylor/Hobson Taly-surf profilometer, i.e. raceway profiles were taken from the same four areas (about 90°apart) before and after test. The maximum wear depth for the cups in Table IV was 2.6 to 1.25 pm with a slight increase in surface roughness. The wear depth was mainly localized in one region radially along the raceway of the cup. The Haynes 25 drive balls have a wear tract with a depth over 25.0 urn from high s~ess, ball-to-ball contact with the Stellite 3 intermediate balls, see Table IV .
The weight changes for the thin chromium-nitride coated Haynes 25 cup, Stellite 3 intermediate balls, and separator in Table III were significantly lower than the respective changes in weight recorded for the uncoated samples. The weight loss of one chromium-nitride coated drive ball was much higher than the uncoated drive ball in Table III . The maximum wear depth of the raceways of the chromium-nitride coated cup (Table IV) was less than 1.25 pm, which is significantly lower than the wear depth measured for the uncoated cup. No change in surface roughness was observed for the chromium-nitride coated cups, which is further evidence that the coating was adherent and provided excellent protection. The wear depth of the Haynes 25 drive ball that exhibited the low weight-loss (Test #3) was less than the uncoated drive ball, but a significantly larger wear depth of =51 ,um was observed for the coated ball with the large weight loss (Test #4), see Table IV . Pre-and post-test profilometry of the chromium-nitride coated Stellite 3 intermediate ball in Table IV shows a decrease in surface roughness resulting from the smoothing of minor asperities on the as-coated surface during the wear test.
Metallography of the worn Haynes 25 cup, and Stellite 3 ball shows that the chromium-nitride coatings were intact after the 4-ball wear test. Damage is observed in the wear tract region of the Haynes 25 drive ball with the high weight loss (test #4), where the high stress, ball-to-ball (point) contact loading produced failure of the chromium-nitride coating. Fractured debris from the chromium-nitride coating had been~~ound into the subsurface of the Haynes 25 drive ball, but the coating remained intact in regions around the wear tract with no change in thickness. Abrasive debris from coating failure produced higher wear only in the region of contact. Post-test coating thickness measurements in Table V The weight changes observed for the ion nitrided Stellite 3 balls, Haynes 25 cup, and separator were comparable to or lower than the weight loss measured for the uncoated samples, see Table II . The weight changes observed for the ion nitrided Haynes 25 drive balls were more than a factor of two larger than the uncoated drive balls (Table III) . The maximum wear of the ion nitrided cup in Table IV was only about 2.0 Vm, which is less than the uncoated cup. Significant smoothing of the rough as-nitrided surface occurs during the wear test, which may produce the marginally higher weight changes for the ion nitrided cup than the uncoated cups in Table HI . The wear of the ion nitrided Haynes 25 drive ball produced a larger maximum depth (35.6 ,um) and post-test surface roughness than the uncoated drive ball (Table IV) . Pre-and post-test measurements of the ion nitrided Stellite 3 intermediate ball in Table III show a decrease in surface roughness from the smoothing of asperities during the wear test.
Post-test metallography and SEM examinations of the worn Haynes 25 drive ball, cup, and Stellite 3 show that the ion nitride layer was generally intact after the 4-ball wear test. The ion nitride layer on the raceway of the Haynes 25 cup had a wide variation in thickness from a thick layer at the edge of the race to no ion nitride layer in the center of the race. The radius of the non-nitride region was about 0.22 cm or about 1/3 of the 0.66 cm radius of the cup. No fracturing or failure of the nitride layer was observed on the worn cup. Since the ion nitrided surface compound has a composition similar to the base material, chemical differences cannot be used to detect failure of the ion nitrided compound. SEM, profilometry, and the low weight loss indicate that the ion nitride layer was adherent and has protected the Haynes 25 cup. Ion nitriding processing conditions (total pressure, nitrogen partial pressure, and plasma distribution) must be improved to produce a more uniform nitride layer thickness in the cup raceway.
SEM examination of the Haynes 25 drive ball indicate that the ion nitride layer generally survived the high stress, point contact loading, but some regions of layer failure were observed. Failure of the nitride layer, which is harder and more abrasive in nature than the Haynes 25 base material, produced more aggressive wear of the drive ball. The ibn nitride layer was fully intact in regions around the wear tract of the drive ball, and the post-test coating thickness measurements in Table V were the same as the as-coated thickness, which indicates that nitride layer failure only produced higher wear in the region of contact. Although only a minor amount of nitride layer deadhesion was observed in the wear tract region of the ion nirnded Haynes 25 drive ball, these results indicate that point contact,
high-stress loading must be avoided for the successful use of ion nitrided Haynes 25. Post-test coating thickness measurements in Table V from the ion nitrided Stellite 3 ball are only slightly lower t@n the pre-test measurements, and nitride layer damage was not observed.
The weight changes observed for the duplex coated Stellite 3 balls, Haynes 25 cup, and uncoated separator were comparable to or only a factor of two higher than the uncoated samples, see Table III . The weight changes observed for the duplex coated Haynes 25 drive balls were about a factor of five larger than the uncoated drive balls (Table III) . The maximum wear in the raceways of the duplex coated cup ( 1.27 #m) was less than the uncoated cup, see Table IV . The higher weight losses for the duplex coated cups are likely produced by the smoothing of surface asperities during test. A larger depth (38. 1 Km) and higher post-test surface roughness were observed for the duplex coated Haynes 25 drive ball than the uncoated drive ball (Table IV) . Pre-and post-test measurements of the duplex coated Stellite 3 intermediate ball in Table IV Post-test examinations of the duplex coated Haynes 25 drive ball, cup, and Stellite 3 ball show that the outer chromium-nitride layer was generally intact and adherent. The outer chromium-nitride layer was much thinner for the duplex coated cup than the chromium-nitride coated cup (Table V) , which is likely attributed to a slightly higher amount of wear resulting from wear debris produced by the worn drive ball. SEM surface examinations of the worn duplex coated cup specimens shows no fracturing or failure of the top chromium-nitride layer. SEM examination of the wear tract region of the duplex coated Haynes 25 drive ball show that the outer chromium-nitride coating was fully removed with more damage to the nitride layer. The high stress, point contact loading in the wear tract region resulted in failure of the chromium-nitride coating, which produced hard debris that resulted in more significant wear of the duplex coating than observed for the ion nitrided drive ball. An adherent chromium-nitride layer was observed in regions outside the wear tract on the duplex coated drive ball, and the chromium-nitride coating thickness was the same as the as-deposited thickness (Table V) . The deadhesion of the duplex coating observed in the wear tract region of the Haynes 25 drive ball shows that point contact, high-stress loading must be avoided for successful use of duplex coated Haynes 25. Post-and pre-test coating thickness measurements in Table V were similar for the duplex coated Stellite 3 ball, which indicates that only slight wear had occurred.
Summary
The results of nano-indenter scratch adhesion testing were used to identifj potential wear coatings for cobalt-base alloy (Haynes 25) substrates: (1) thick and thin chromium-nitride coatings with layers of hard CrzN and softer Cr-N(ss), (2) ion nitriding to produce a nitride compound with a diffusion zone, and (3) thick and thin duplex coatings with a multilayered chromium-nitide coating (hard CrzN and softer Cr-N(ss) layers) applied a nitride layer from previous ion nitriding. Based on the results of nano-indentation testing, these coatings are a close match in hardness and modulus to the Haynes 25 substrate.
Based on weight change, profilometry measurements, and examinations after 4-ball wear testing, the thin chromium-nitride coated coupons exhibited a significantly lower wear rate than the uncoated Haynes 25 coupons.
The chromium-nitride coatings were adherent on the Stellite 3 intermediate balls and Haynes 25 cups, but coating de-adhesion was observed on the Haynes 25 drive ball from high stress, point contact loading. The chromiumnitride coating was the best coating candidate evaluated and could be used to reduce the wear rate and significantly reduce the release of cobalt wear debris. The wear of the ion nitride coupons was slightly higher than the chromiumnitride coated coupons, but comparable to the uncoated coupons. The wear of the duplex coated coupons was
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